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MinireviewSilence in the Germ
correlates of active chromatin. It is specifically depletedVincenzo Pirrotta1
of acetylated histones, phosphorylated histone H3, andDepartment of Zoology
methylated lysine 4 (meK4) of H3. Instead, in XO animals,University of Geneva
it is the only chromosome that stains prominently withCH1211 Geneva
anti-methyl lysine 9 (meK9) H3, a mark associated withSwitzerland
heterochromatin in many organisms (Kelly et al., 2002).
This state of affairs turns out to be dependent on a set
of genes discovered in the Strome laboratory.Gene expression in C. elegans germline cells is subject
The story begins in the mother’s germline. A set ofto strict controls. A set of MES proteins, including
genes, called mes (maternal effect sterile), have beenSET domain proteins and two homologs of Polycomb
found to be required for the survival of the germline ingroup proteins, establish an epigenetically transmitted
the progeny (Garvin et al., 1998). Mothers with mutationssilenced state that affects X chromosome gene ex-
in mes-2, 3, 4, or 6 have the same phenotypes: thepression.
maternal germline appears to function normally and pro-
duce viable offspring, normal but for the fact that theirGermline versus Soma
germline cells degenerate and they develop into sterileGermline cells are different from other cells. Although
adults. This effect is dependent on the number of Xthey are by definition totipotent, giving rise to all cell
chromosomes. Progeny with two Xs are strongly af-types in the bodies of the progeny, this genomic poten-
fected, XXX progeny even more severely, while X0 prog-tial must be kept under close guard. At the same time,
eny are more weakly affected. Most intriguing is thethis capacity must be carefully protected in the course
fact that two of the mes genes encode the only wormof embryogenesis and during gametogenesis. Germline
homologs of Polycomb group proteins (Holdeman et al.,cells are therefore treated differently from other embry-
1998; Korf et al., 1998): MES-2 corresponds to Drosoph-onic cells to preserve their genomic potential and are
ila or mammalian E(z), a protein containing a SET domainstrictly controlled to prevent them from becoming so-
related to that of the heterochromatin protein Su(var)3-9matic cells.
and cognates responsible for methylating lysine resi-In the early embryo of organisms such as Drosophila
dues in histones (Figure 1). MES-6 is homologous to theand C. elegans, transcription appears to be inhibited in
fly ESC protein (EED in mammals), which is known togermline nuclei. In the worm, this inhibition involves a
form a complex with E(z). The MES-3 protein lackszinc finger protein called PIE-1 that segregates to the
known functional motifs but can associate in a complexgermline precursor blastomere. Somatic blastomeres,
with MES-2 and MES-6. The homologies suggest thatin contrast, begin transcriptional activity by the four-cell
the MES system is a repressive chromatin mechanismstage (Mello et al., 1996; Seydoux et al., 1996). Transcrip-
and the X dependence implies that its major targets,
tional repression continues in the germline until the 100-
directly or indirectly, are on the X chromosome, ex-
cell stage, when PIE-1 disappears and germline gene
plaining why the germline X appears to be largely silent.
expression is detected. In the absence of PIE-1, germ- In fact, microarray analysis shows that it is depleted of
line precursors initiate transcription early and acquire functions required in the germline (Reinke et al., 2000).
somatic fates (Seydoux et al., 1996). It is likely that re- There remain some oocyte-specific genes on the X
pression in the germline is necessary at these early whose expression occurs following a brief period during
stages to prevent gene activation by the maternal fac- meiotic pachytene in which the MES proteins appear to
tors that are deposited in the egg and that start off the be downregulated.
developmental program. The delay might allow time for A recent paper by Fong et al. (2002) sheds more light
the maternal activators to disappear and for the germline on this mechanism. The MES-4 protein contains three
blastomeres to be safely positioned where they will not PHD fingers and, like MES-2, includes a SET domain.
be exposed to activating influences. Another possibility In embryos, MES-4 is initially found in all nuclei but then
is that during this time the genome of the germline cells fades from somatic cells and persists only in germline
is being suitably programmed to prevent expression of nuclei where, remarkably, it is selectively associated
genes undesirable in the germline. with the autosomes and is depleted on the X, suggesting
Silencing of the Germline X Chromosome that it is responsible for limiting or concentrating other
Work in the last few years has unfolded a complex story MES proteins to the X (Figure 2). In fact, the restriction
of large-scale silencing phenomena specific for the of MES-4 to autosomes depends on the other MES pro-
germline in C. elegans. Different lines of research con- teins: mutations in any of the other three mes genes
verged to suggest that the germline nucleus is a very redistribute MES-4 to all chromosomes, including the
repressive environment. Transgene DNA introduced in X. When this happens, correlates of active chromatin
C. elegans by the widely used method of forming extra- (such as histone acetylation, methylated lysine 4 H3,
chromosomal arrays is silenced in germline cells (Kelly and phosphorylated RNA polymerase II) appear on the
et al., 1997; Kelly and Fire, 1998). The X chromosome germline X chromosome. Such changes occur normally
in both XX and X0 germline cells is deficient in all typical in late meiotic and oocyte nuclei to permit expression
of X-linked oogenesis functions, but, in the progeny
of a mes mutant mother, they persist in the progeny1Correspondence: pirrotta@zoo.unige.ch
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Figure 1. Comparison of MES-2 and Other SET Domain Proteins
(A) Structure of the MES-2 coding regions compared with its Drosophila homolog E(z). The CXC domain is a cysteine-rich region that, in
SUV39H1, has been shown to be necessary together with the SET domain for methyltransferase activity.
(B) Comparison of the SET domains of several proteins. The SET domain was originally found in and named after the Drosophila Su(var)3-9,
E(z) and Trithorax proteins. Copied from Holdeman et al. (1998), with permission from The Company of Biologists, Ltd.
germline, before the germline degenerates, even if the appears understained even when translocated to an au-
tosome, the antibody staining can only show the pre-progeny has intact zygotic mes genes. This maternal
effect implies that a chromatin state established at meio- dominant distribution and does not preclude the pres-
ence of some MES-4 targets on the X. We do not knowsis is maintained epigenetically in the progeny germline.
The MES Proteins Set an Epigenetic State the molecular targets of the different MES complexes,
whether they can potentially interact with all chromatin,In the early nematode embryo, the maternally loaded
MES proteins are still present in all cells at the 100-cell or whether they are associated with specific sequences
or functional elements. The fact that in the absencestage but later fade from the somatic cells and remain
in the two germline cell progenitors. Temperature shift of the other three MES proteins, MES-4 binds to all
chromosomes suggests that its chromosome specificityexperiments with a thermosensitive mes-3 mutation
show that the time of action of MES-3 is both during is not dictated by DNA sequence. The converse is proba-
bly also true. In the absence of MES-4, the other MESlarval development of the mother and during the early
embryonic development of the progeny. It appears proteins might disperse on all chromosomes. What then
is the determining factor?therefore that the MES system establishes an epigenetic
state in the germline that needs to be maintained at An interesting observation that may shed light on the
rules controlling MES silencing is that transgenic arrays,least until after the first few cell divisions of the progeny
embryos (Xu et al., 2001). It is possible that the period which in C. elegans do not insert in the genome but
remain as nonchromosomal high molecular weight DNAof grace granted by the PIE-1 protein in the germline
blastomere allows time for the MES system to re-estab- aggregates, are silenced in the germline by the MES
system (Kelly and Fire, 1998). If instead of simple DNAlish the required chromatin state that was disrupted
during meiosis. aggregates, the transgenic arrays are produced by a
mixture of transgene DNA and total genomic DNA, theseWhat is this chromatin state and why is it required?
A prediction is that a number of genes must be kept “complex” intermixed arrays are not silenced and are
associated with MES-4 protein and with other marks ofrepressed in the germline to prevent its degeneration.
These genes may be mostly on the X chromosome but active chromatin. This distinction is usually expressed
in terms of “repetitive” arrays (composed of one or twosporadic targets could also be on the autosomes. Thus,
the more X chromosome copies, the more severe the transgenic sequences, highly repeated) versus “com-
plex” arrays (composed of the transgenic sequence in-consequence of derepression in the progeny of mes
mutants. In fact, antibody staining for MES-2, -3, or -6 termixed with large amounts of random genomic se-
quences) (Kelly et al., 1997). Does this mean thatin germline nuclei is not confined to the X, but appears
to cover much of the nucleus. Although MES-4 is specifi- repetitive DNA is the target of MES silencing and might
be enriched on the X chromosome? C. elegans chromo-cally enriched on the autosomes and the X chromatin
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histone methylation (Poux et al., 2002). These effects
might explain how a SET domain protein, MES-4, might
preclude the binding/methyltransferase activity of an-
other SET domain protein, MES-2, together with MES-3
and MES-6. Other SET domain proteins also play a role
in C. elegans. For example, RNAi depletion of SET-2
enhances the effect of mes mutations, showing that
SET-2 contributes to the normal development/mainte-
nance of the germline.
In Drosophila, the MES-2 and MES-6 homologs E(z)
and ESC are essential for Polycomb silencing mecha-
nisms that determine the epigenetically repressed state
of homeotic and other genes (for review, see Pirrotta,
1998; Poux et al., 2001; Francis and Kingston, 2001). In
the early Drosophila embryo, each homeotic gene is
activated or repressed in appropriate cells by transient
regulatory proteins. If activated, the gene is kept in an
epigenetically derepressed state by Trithorax and re-
lated proteins. If repressed, it is kept in a stably re-
pressed state for the rest of development by the action
of PcG proteins, among which E(z) and ESC play a criti-
cal role likely to involve histone methylation. It is possible
that similar rules apply to MES repression in the C. ele-
gans germline.
According to this hypothesis, the MES system is part
of a mechanism to set and maintain an epigenetic state
in the germline chromatin. Whatever is active is left alone
or protected and whatever is silent is permanently shutFigure 2. MES-4 Distribution in Germline Cells
down. Except for some oocyte-specific genes, the C.An adult hermaphrodite gonad stained with anti-MES-4 (green) and
elegans X chromosome appears to lack functions re-anti-chromatin (red) antibodies shows the presence of MES-4 in
mitotically dividing germline nuclei (lower left), briefly disappearing quired in the germline and may indeed contain somati-
during meiotic pachytene (central region of the gonad), and reap- cally expressed genes that must not be active in the
pearing at later stages (right). The inset shows a one-cell embryo germline. The generally non-transcriptionally active X
at pronuclear meeting with autosomes staining with anti-MES-4 and
would then be a target for the MES-2,3,6 complex, whileanti-chromatin antibody (merged yellow), while the X chromosome
the autosomes, which would contain genes active in thein each pronucleus stains only with anti-chromatin (red). Photo cour-
germline, would not be targeted and would instead needtesy of L. Bender and S. Strome.
to be protected against invasive silencing complexes
by MES-4. In this respect, MES-4 could be seen as
somes do contain some repetitive sequences but so far
playing the role of Trithorax. A similar rule would apply
none have been found that are limited to the X chromo- to transgene arrays. If the transgene is not active at the
some. Or might repetitive DNA share some property with time it finds itself in the germline, it would be subject
X chromosome genes? to silencing by the MES system. If it is intermixed with
SET Domain Proteins and Silencing other genomic sequences in a “complex” array, it is
SET domains are found in a growing number of proteins likely to be in an active chromatin environment and be
that have been found to mediate lysine methylation. protected from silencing by the MES-4 protein.
Some SET domain proteins methylate H3 lysine 9, gener- A Connection with X Inactivation?
ally associated with silent chromatin (Rea et al., 2000). An interesting connection between E(z) and ESC homo-
Others methylate H3 lysine 4, a mark generally, but not logs and the X chromosome has been found in mammals
exclusively, associated with transcriptional activity. We where one X chromosome in XX embryos becomes inac-
know very little about the way histone methylation at tivated. In embryonic cells, the choice of X chromosome
different positions acts. Even at the same position, to be inactivated is random but, in the extraembryonic
methylation could have different consequences de- tissues, the inactivated X is always the paternal one.
pending on the presence of other marks on a nucleo- Recent work has shown that this imprinted inactivation
some, according to the hypothesis that different histone of the paternal X depends on EED, the mouse homolog
modifications constitute a combinatorial code recog- of ESC and MES-6 (Wang et al., 2001). The inactivation
nized by appropriate chromatin proteins (Strahl and is accompanied by extensive methylation of lysine 9 of
Allis, 2000). Methylation of H3 lysine 4 by the recently histone H3, which is independent of SUV39h (O’Carroll
identified SET9 protein, for example, prevents the bind- et al., 2001). It is likely that a partner of EED in this
ing of the NuRD corepressor complex (Nishioka et al., function is Ezh, one of two mammalian homologs of
2002). In addition, lysine 4 methylation interferes with the Drosophila E(z).
repressive lysine 9 methylation by the heterochromatin Might there be a relationship between the nematode
protein SUV39H. In Drosophila, the SET domain protein MES system and the X inactivation function of EED in
Trithorax is required to create a chromatin state resistant mammals? Both involve repressive functions but it is
unlikely that the connection is a simple or a direct one.to Polycomb group repression, which is likely to involve
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In the somatic cells of nematodes, dosage compensa-
tion to equalize the level of X chromosome gene expres-
sion in XX and X0 worms occurs by a global downregula-
tion of both X chromosomes of XX animals. The proteins
involved in this process are fairly well known and bear
no relationship to the MES proteins, whose function is
specific for the germline. Dosage compensation of the
X chromosome in the nematode germline is not under-
stood and it is likely that there is none, or that none is
necessary if in fact genes required in the germline have
been largely excluded from the X. The MES system in
a way obviates the need for dosage compensation in the
germline by silencing the expression of X chromosome
genes not involved in oogenesis, thus constituting a
crude method of dosage compensation. More likely, as
has been generally found for mechanisms involved in
sex determination and dosage compensation, their evo-
lution is extremely rapid and different metazoan lineages
have recruited different sets of proteins to carry out
these tasks.
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